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Abstract-Globally small and medium-sized manufacturing enterprises (SMEs) are confronting serious challenges due to dynamic market demands. In pursuit of such situations they opt to be lean and flexible. Their demand has numerous varieties in product geometry and manufacturing processes. To cater such demand among the several existing strategies, reconfigurable manufacturing work cell (RWC) is the most prudent choice owing to its numerous benefits. This study offers an assessment lens to those who look for reconfiguration of their manufacturing setup. It is prudent to consider various RWC alternatives while wanting to reconfigure existing configuration change from time to time. The paper proposes a grey relational approach coupled with fuzzy analytical hierarchy weight to evaluate alternative RWCs. The simulation platform is adopted to exhibit performance of each RWC. The developed approach is to aid decision makers in identifying the most suitable RWC for the SME.
Index Terms-Grey Relational Approach; Manufacturing Work Cell; Performance Evaluation; Reconfiguration; Simulation.
I. INTRODUCTION
The emerging technologies in the form of machine tools, material handling, automation, etc, guide the reconfiguration exercise. The concept of reconfiguration although started at machine level has now spread to almost all components of manufacturing systems. Recently, Koren, Wang and Gu [1] defined reconfigurable manufacturing system (RMS) design for scalability that allows any small or medium enterprise to build a manufacturing system to supply the current demand, and upgrade its throughput in the future, in a cost-effective manner, to meet possible higher market demand in a timely manner. Equally, Puik, Telgen, Moergestel and Ceglarek [2] highlighted reconfigurable manufacturing equipment to be developed to meet the growing demand for more agile production to enables fast market introduction for volume production. They defined reconfigurable manufacturing systems is as changing the structure of the machine to enables larger variation of products on a single manufacturing system. Similarly, Dubey et al. [3] highlighted role of top management and organizational culture to evaluate the impact of reconfigurable manufacturing systems on organizational performance. Formerly, Mehrabi, Ulsoy and Koren [4] presented the philosophy of reconfiguration 'as the ability to dynamically lead to rapid change in structure, as well as in hardware components, in order to quickly adjust production capacity and functionality within a part family in response to sudden changes in market or in government regulatory requirements'. There are also evidences, for example, Andersen, Brunoe, Nielsen and Rösiö [5] that the attempts made by various researchers and practitioners have taken care of various issues and now it is established that there are number of ways by which reconfiguration can be achieved. This may include changes in the system, manufacturing centers, facilities, products, tools, manufacturing stations, control systems etc. In general, changes can be effected in the hardware, software, people ware, physical arrangements and operations.
Koren, Hu and Weber [6] systematically analyzed a case, where a SME designed and built two production systems for machining the same product using numerical control machines. First system was designed by linking eighteen machines in series with almost no buffer between machines. Second system was designed with three shorter, identical lines of six machines each. Azab, ElMaraghy, Nyhuis, Pachow-Frauenhofer and Schmidt [7] presented a framework for sustaining a reconfigurable manufacturing environment that is said to be very dynamic and turbulent to changes in light of market supply and demand. Similarly, Bensmaine, Dahane and Benyoucef [8] suggested an approach for generating reconfigurable manufacturing environment, where the manufacturing system may involve dissimilar machines performing similar operations at different rates and multiple equipment could be connected together to form different production lines. Maniraj and Pakkirisamy [9] examined the amount of investment in such new manufacturing systems and attempted to evaluate and justify the investment. Pattanaik and Kumar [10] designed machine cells using modular machines to achieve characteristics of reconfigurable manufacturing system. Whereas, Hasan, Jain and Kumar [11] highlighted the development of reconfigurable manufacturing systems, which possess the advantages both of dedicated lines and reconfigurable machines.
Most of the decision makers in SMEs are confronted with the problem of deciding yes or no about alternative manufacturing systems (or changes/reconfiguration in the manufacturing system). The outcome of the decision may change depending upon various factors that may become relevant from time to time while the options are evaluated. If the outcome is very different every time, then one is confounded about the consistency of the outcome. Therefore, it is prudent to assess how robust decision. In the paper, different reconfigurable work cells (RWCs) as alternative options were identified for an existing manufacturing system. All these configuration (existing plus
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Ateekh Ur Rehman alternative options) were simulated under identical conditions and the effectiveness of each manufacturing configuration assessed using multiple performance criteria/measures. Each manufacturing configuration exhibited variation in performance under different conditions. The results also revealed that some options showed superiority over others in terms of certain performance measures. However, it was difficult to establish overall superiority of any one configuration in view point of all performance measures. The differences in performance measures were observed due to a) difference in the configuration or b) difference in the operating conditions or c) significant difference in the value performance measures. In order to identify the most desirable configuration, it was considered essential to identify that configuration which performs consistently better under different conditions and in terms of different performance measures than other configurations. For this purpose, grey relational optimization approach [12] is adopted. The details of the concept, its application to assess the robustness of RWCs and results obtained are reported here in the paper.
II. CURRENT MANUFACTURING SETUP OF SME AND ALTERNATIVE WCS
In the present study, a small and medium sized manufacturing enterprise is considered which produces a variety of products using various conventional machines and different process plans for each product. The present manufacturing system accepts customer orders for any combination of products. These orders received from time to time may relate to different combinations of the products of varying geometries, quantities and manufacturing processes. The performance of the system was measured using measures such as utilization of machines, product throughput time, product earliness, product lateness and product block time. Subsequently, different cell based reconfigurable work cells (RWCs) were generated to adjust the production capacity and functionality in response to unpredictable market changes. RWCs were formed using concept of group technology, to produce the same set of products. The same sets of products are processed in each RWC using the respective process plans. The simulation models were incorporated with similar sets of operational features. A number of simulation scenarios were conducted to see how each of these configurations performs, in terms of various performance measures. The simulation results of the present manufacturing configuration setup and the alternate RWCs were subjected to analysis in order to verify how consistent the priority established for each configuration. The details of the present configuration, the alternative configurations, the respective simulation models and simulation experiments performed are presented hereunder.
A. Simulation Model
The simulation model of each work cell consists of a number of modules, each of which playing different roles. The entity module defines the various entities of the system. Order processor module keeps track of the orders that arrive at the system from time to time. Process planning module deals with identifying the processes that are required for the products and their routing. The sequence module defines the sequence in which the products are loaded on the machines. The simulation module supported by ProModel helps carrying out a variety of simulation scenarios. A number of scenarios were identified and for each one of them, the system was simulated and the performance measures considered in the study can be identified under two categories viz., larger the better case and smaller the better case as shown in Table I . The details of the simulation experiments are presented in the following subsection. 
B. Simulation Experiments
As explained earlier, independent simulation model has been developed for each of the RWCs. Each RWC was analyzed with different customer arrival patterns, number of orders per customer and operating rules. Twenty-four policies (refer Table 2 ) was used to simulate traditional present manufacturing system (TPMS) and each of the alternative four RWCs. Multiple simulation runs were conducted and each run facilitated to verify the consistency and robustness in performance of present configuration and RWCs. The simulation results pertaining to a performance measure and a scenario are furnished in Table II. The results pertaining to all alternative configurations if studied as such may confound an analyst because it is possible that no configuration may be found to be superior on all the performance measures. To get better insight, these results were analyzed further, in order to check how robust and consistent each alternative manufacturing configuration is, under various conditions and to establish the relative superiority of each RWC. For this, the approach based on grey relation has been identified as suitable to assess the robustness of the alternative configurations is presented. In the proposed approach, the variation in weights of five performance measure was employed to validate the model. The approach is reliable if the model solution is sensitive to changes in output. Therefore, in the proposed approach, the variation in weights of five performance measure was employed to validate the model. The relevant computational aspects are presented in the following subsection.
III. MODEL: COMPUTATIONAL ASPECTS
In a typical experimental study, where each scenario relates to a particular combination of values of the factors considered in the study, and for each scenario, there would be a corresponding response, which is of concern. If there are multiple responses, then the analyses would have for each experiment, the values of all the responses of interest. These experiments and the responses Yjk are of concern. Here Yjk refers to the experiment 'j' and response 'k'. The response is nothing but a particular performance measure. The computational aspects are presented below.
Step 1: Construct a decision matrix (CDM)
Where, 'Y jk ' is response value for j = 1, 2, 3….m and k = 1, 2….a, where 'm' is the number of alternatives configurations and 'c' is the number of criterion.
Step 2: Normalize the decision matrix (NDM)
Where,
Step 3: Set performance measure benchmark When multiple performance measures are considered, among them few performance measures objective criteria is minimization, while remaining other have maximization objective. The set of performance measure benchmark 'Y ok 'is obtained using .
Where Cjk is calculated using
where Φ is user-selected resolution coefficient which lies between zero and one and is contrast controller; and D jk is equal to the absolute difference between Y ok for the performance measure 'k' and Y jk is response value corresponding to alternative 'j' for the performance measure 'k'.
Step 5: Estimate performance measures weights matrix (PMWM)
These weights are estimated using analytical hierarchy fuzzy approach [13] . This approach of weight estimation is useful in multi-criteria decision making situations. The lowest level of hierarchy includes all possible alternatives or options; which decision-makers rank relative to each performance measures. The pair-wise comparison of alternative performance measures gives an influence matrix, which results in estimation of performance measures weights matrix. As recommended in [13] these pair-wise comparisons can be carried out using verbal responses and/or non-verbal responses. For example, if there are two performance measures A and B; the management was asked to answer whether 'performance measure A' and 'performance measure B' are of equal importance or whether one is more important than the other. The management of organization indicates that 'A' are more important, so they were subsequently asked the 'A' is: weakly more important? or strongly more important? or very strongly more important? or extremely more important? The saaty's approach then converts the response to the numerical integer number using saaty's scale. If anyone prefers not to use verbal responses, as he/she was asked to make direct numerical inputs on scale from 1 ('equally important') to 9 ('extremely important'). After each comparison done, the obtained values are converted by AHP process into a set of weights, which are normalized to sum to one. Since this involves a relative complex mathematical procedure, software like Super decision (http://www.superdecisions.com) is used.
Step 6: Estimate grey relation grade matrix (GRGM)
where G j grey relation grade is value for each configuration, and is obtained using
where G j is the grey relation grade value for the alternative 'j'; C jk is the grey relational coefficient corresponding to the alternative 'j' for the performance measure 'k' and 'c' is the number of performance measuring criteria; and W k weights for each performance measures. The above presented grey relational approach coupled with analytical hierarchy fuzzy approach to evaluate and rank existing and reconfigurable work cells by translating a multi criteria problem into single criteria situation. The higher the grey relational grade value reveals that the corresponding alternative-configuration is ideal choice. The application of the approach is presented in the following subsection. 
A. Application of Computational Steps
The CDM is converted to NDM. 
Five performance measures are considered, among them three performance measures objective criteria is minimization, while remaining two have maximization objective. Performance measure benchmark sequence Y ok is set as     
Estimated the performance measure weights matrix (PMWM) using fuzzy analytical hierarchical approach as Then grey relational grade matrix (GRGM) G j for each alternative over all perfomance criterion is calculated and is presented in the following matrics for scenario 1. Finally, the grey relational analysis based alternative manufacturing configuration ranking is obtained for scenario 1, and is presented as below. 
For Scenario 1, the reconfigurable work cell RWC4 exhibits better performance ranking than the TPMS; while the RWC1 exhibit worst performance.
IV. RESULTS AND ANALYSIS
The ranking for TPMS and four RWCs corresponding to all scenario is presented in the following Table 3 . These rankings were obtained by grey relational analysis coupled with using fuzzy analytical hierarchical weighting approach. TPMS  RWC1  RWC2  RWC3  RWC4  TPMS  RWC1  RWC2  RWC3  RWC4   1  2  5  4  3  1  13  3  4  5  1  2  2  2  5  4  1  3  14  3  4  5  1  2  3  3  5  4  1  2  15  3  4  5  1  2  4  3  5  4  2  1  16  3  4  5  1  2  5  3  4  5  1  2  17  3  4  5  1  2  6  2  4  5  3  1  18  3  4  5  1  2  7  3  4  5  2  1  19  5  4  3  2  1  8  3  4  5  2  1  20  5  4  3  2  1  9  4  5  3  1  2  21  5  4  3  1  2  10 4  5  1  2  3  22  5  4  3  1  2  11 2  5  4  1  3  23  2  5  4  1  3  12 2  5  4  1  3  24  2  5  3  1  4 From the above results it is evident that for any expected future scenario the most preferred choice is RWC3, the order of preference of TPMS and four RWCs based on the average performance measure is as follows RWC3, RWC4, TPMS, RWC1, RCW2. Sensitivity analysis was used to study deviations in the outcome parameters of given model due to deviations in input parameter values. It was carried out by using the different sets of performance criteria weights. Four sets (Set1, Set2, Set3 and Set4) of performance measures weights as shown in Table IV were used for the sensitivity analysis. In Set 3, machine utilization was given the highest importance, followed by earliness and rest of the performance measures. Similarly, in Set 4, the highest preference was given to earliness and in Set 2 equal weights are assigned to all measures. The weights in Set 1 were computed by employing the fuzzy analytical hierarchical weighting approach.
The results computed by sensitivity analysis based on performance measures weights can be viewed in Table V . They evidently point that the choice of alternative is sensitive to changes in weights and operating demand (or scenarios).
From the sensitivity analysis, it can be inferred that the model is robust and consistent because it experienced variation in output with changes in the input weight values. Moreover, from the manufacturing operations management application point of view, this study one can refer in the following manner. If the management has the optimal policy to decide to have equal weightage to all performance measures (refer Set2 in Table IV) , then the preference ranking order for different configurations will be RWC3, RWC4, TPMS, RWC1 and RWC2. Whereas if the management has the optimal policy to target to maximize system utilization (refer Set3 in Table IV ) in contrast to other performance measures, then the preference ranking in order would be TPMS, RWC3, RWC4, RWC1 and RWC5. On other hand if the management has the optimal policy to target both shorter manufacturing lead times and equal importance (refer Set3 in Table IV) to other criterion, then also the preference ranking order is found to be RWC3, RWC4, TPMS, RWC1 and RWC2. 
V. DISCUSSION
There will always be a need to look for alternative manufacturing configurations to cater varying market and or production & operation management conditions. But, there is risk to change to any manufacturing setup without prior assessment of alternatives. The paper is related to an industry interested in reconfiguring the present TPMS. Here, assessment of manufacturing system is multi-criteria decision making problem. Operation managers identify suitable alternatives for the TPMS. The presented work is to convince them that multi-criteria decision-making methods are very relevant in dealing with such problems. The industry managers had performance objectives (i.e. maximization of system utilization, minimization of bottleneck and lateness time, maximization of customer due date satisfaction). Grey relational analysis approach coupled with fuzzy analytical hierarchical weighting approach was used to identify desirable RWCs as an alternative to the TPMS. Using simulation tool, the alternative RWCs were made to work under different demand and operational scenario. The study reported in the paper revealed that there is need to reconfigure the TPMS in response to large fluctuations in product demand to stay competitive in market. By assessing alternative RWCs using grey relational approach, decision makers decide to do reconfiguration of TPMS. The reconfiguration choice reduces to RWC3, if they prefer major weights to customer demand satisfaction it terms of time and quantity. The RWC3 is best choice even for fuzzy analytical hierarchical weights adopted. As future scope one can consider cost and risk associated with each reconfiguration, as future scope. Another interesting aspect could be development of model to incorporate real time criterion for manufacturing system reconfiguration.
